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Abstract 
Greenland Stadial 1 (GS-1) was the last of a long series of severe cooling episodes in 
the Northern Hemisphere during the last glacial period. Numerous North Atlantic and 
European records reveal the intense environmental impact of that stadial whose origin 
is attributed to an intense weakening of the Atlantic Meridional Overturning Circulation 
(AMOC) in response to freshening of the North Atlantic (Broecker et al., 1988). Recent 
high-resolution studies of European lakes revealed a mid GS-1 transition in the climatic 
regimes (Bakke et al., 2009; Lane et al., 2013). The geographical extension of such 
atmospheric changes and their potential coupling with ocean dynamics still remains 
unclear. Here we use a sub-decadally resolved stalagmite record from the northern 
Iberian Peninsula to further investigate the timing and forcing of this transition. A solid 
interpretation of the environmental changes detected in this new, accurately dated, 
stalagmite record is based on a parallel cave monitoring exercise. This record reveals a 
gradual transition from dry to wet conditions starting at 12,500 b2k in parallel to a 
progressive warming of the subtropical Atlantic ocean (Schmidt et al., 2011). The 
observed atmospheric changes are proposed to be led by a progressive resumption of 
the North Atlantic convection and highlight the complex regional signature of GS-1, 
very distinctive to previous stadial events. 
Significance statement 
 
This study presents robust evidence of two hydrological phases within the Greenland 
Stadial 1 cold event (12.8-11.7 ka BP) in southern Europe. We present a well-dated 
high-resolution speleothem record (Seso Cave, southern Pyrenees) where temperature 
and hydrological signals are independently reconstructed. Detailed interpretation of 
stable isotopes and trace elements allow characterizing a first dry period followed, after 
12,500 yr b2k, by more humid conditions. Our findings point to the resumption of the 
Atlantic overturning circulation as the main mechanism behind the hydrological 
response in Europe during this mid GS-1 transition. The second phase, cold in 
Greenland but humid in Western Europe, represents a new paradigm in the well-
established model of dry-cold stadials during the last glacial period. 
 
  
\body 
 
The last deglacial warming was interrupted by a rapid cooling identified in Greenland 
ice cores as Greenland Stadial-1 (GS-1) at 12,846 years before 2000 AD (b2k, GICC05 
chronology) (1), previously defined as Younger Dryas (YD) based on vegetation 
changes recorded in Europe (2). Although the forcing mechanism for this climate 
change is still under discussion (3), the most plausible trigger is related to catastrophic 
freshwater release into the North Atlantic and the consequent reduction in the Atlantic 
Meridional Overturning Circulation (AMOC) (4). Recently published high-resolution 
north European terrestrial records indicate two phases within GS-1, with the second 
phase characterized by rapid alternations between glacier advances and retreats (Lake 
Krakenes, Norway) (5) and interpreted as a climatic amelioration based on an increase 
in detrital content and lamina thickness (Meerfelder Maar lake, Germany) (6) (Fig. 1). 
Records from the Atlantic Ocean, although of limited sampling resolution and not so 
well constrained chronology, also indicate internal variability during GS-1, expressed as 
changes in sea-surface salinity, temperature and sea ice extension in parallel to 
modifications in the intensity and location of the North Atlantic deep overturning cells 
(5, 7–9) (Fig. 1). These marine sequences reveal rapid shifts between weak and strong 
modes of deep convection during last deglaciation with potential consequences for 
European environments that need to be further assessed. The northern Iberian 
Peninsula (IP), located within the polar front during the time of the coldest temperatures 
in GS-1 (10), is a very sensitive location to determine the exact sequence of 
temperature and hydrological changes in southern Europe during this stadial, not yet 
well resolved due to the lack of high-resolution records (11–13). Here, we present the 
first stalagmite record that covers the entire GS-1 period in southern Europe, providing 
an excellent and independent chronological framework and a high-resolution climate 
reconstruction of this event allowing understanding the climate mechanisms that 
caused the mid GS-1 transition.  
Seso cave system (42º27´23.08´´N; 0º02´23.18´´E, 794 m a.s.l; Fig.1) in the central 
Pyrenees provides an unusually direct record of temperature and moisture balance 
during GS-1 because the climate proxies in stalagmites can be directly calibrated to the 
instrumental record in actively growing modern stalagmites (see Supplementary 
information). Speleothem formation occurred during short intervals since 40 ka, and 
became more widespread during the Holocene. Today, the modern climatology of 
moderate rainfall (mean annual precipitation is 900 mm, concentrated in spring and fall) 
and mild temperatures (mean annual ca. 13ºC), together with a vegetation cover 
dominated by Pinus sylvestris and Quercus ilex, fuel speleothem growth. We present 
the record of SE09-6, a 160 mm-long stalagmite obtained in-situ from the inner part of 
the cave where the temperature is constant throughout the year (11.7ºC). The age 
model is based on 17 U-Th dates ranging from 12,958 ± 52 to 11,672 ± 68 yr b2k 
(Table S1, Figs. S1, S2 Supporting Information) thus covering the GS-1 as defined in 
NGRIP (GICC05) (1). The 1 mm proxy analyses therefore represent an average 
sampling resolution of 8.6 years.  
Results and discussion 
Two hydrological scenarios within GS-1. SE09-6 speleothem δ13C and Mg/Ca data 
point to two distinct phases with a gradual transition in between (Fig. 2). δ13C and 
Mg/Ca show higher values between 12,920 and 12,500 yr b2k, a gradual decrease 
until ca. 12,000 yr b2k and a phase with lower values until the Holocene onset at 
11,700 yr b2k. Monitoring of Seso cave shows low speleothem δ13C and Mg/Ca values 
coinciding with increased infiltration into the cave as a result of a higher precipitation-
evaporation balance in the region (Fig. S3). This is consistent with well-documented 
processes by which slower driprates enhance degassing and raise dripwater Mg/Ca 
ratios and δ13C values (14). In δ13C this trend can be amplified when higher humidity 
increases soil CO2 production and reduces atmospheric dilution, conserving lower soil 
δ13C. Very stable 234U values in this stalagmite (Fig. S4) are suggestive of constant 
rock-water interaction processes (15). Consequently, we interpret δ13C as a humidity 
proxy. Therefore, δ13C record suggests a first phase of relatively drier conditions until 
12,500 yr b2k and a progressive increase in humidity afterwards. On the other hand, 
prior calcite precipitation (PCP), and thereby the Mg/Ca ratio, are enhanced by slower 
drip rates, and also by higher dripwater saturation states. These combined effects can 
be disentangled by comparing Mg/Ca to a second factor responsive to dripwater 
saturation state and drip interval, such as the stalagmite growth rate. Growth rates in 
SE09-6 vary from 0.04 mm/yr to 0.13 mm/yr throughout the YD with a marked increase 
after 12,500 yr b2k (Fig S5). Application of stalagmite growth rate and PCP using 
kinetics of Dreybrodt et al (16), in the I-STAL model (17), allows us to derive an inverse 
solution of variation in drip rate (drip interval) and dripwater saturation state which 
could produce the observed variations in Mg/Ca and stalagmite growth rate 
constrained by the U/Th chronology. The modelled driprates therefore indicate a shift to 
slightly drier conditions at the onset of GS-1 which lasted until about 12,000 yr b2k (Fig. 
S5). After 12,000 yr b2k, the late YD is characterized by strongly increasing water 
availability represented by lower Mg/Ca values which is consistent with the δ13C data 
(Fig. 2).  
Interpreting 18O signal in Seso cave. In contrast to the humidity proxies, 18O does 
not show such a two-phase evolution during GS-1. 18O values decrease by 2.1‰ 
between 12,920 and 12,700 yr b2k (Fig.2), which is similar to the only published 18O 
data from a European stalagmite covering the same period (18). 18O remains low up 
to 11,750 yr b2k and then increases rapidly until onset of the Holocene. Although this 
pattern is similar to the NGRIP 18O record (GIC05), this similarity reduces after 12,500 
yr b2k when the NGRIP record slightly tends towards higher values while the SE09-6 
speleothem does not follow that pattern and remains stable (Fig 2). Analysis of oxygen 
isotopes in a modern stalagmite from Seso suggests a strong dependence on air 
temperature throughout its influence on rainfall 18O, providing a reliable proxy for the 
temperature evolution during GS-1 (Supporting Information). Thus, based on the 
correlation among recent speleothem 18O data and several instrumental temperature 
records and reconstructions (Figs S7 and S8), the 18O variation in SE09-6 of 2.14‰ 
during GS-1 is calculated to represent a 1.3ºC drop of the annual temperature. This 
estimate is subject to uncertainties due to possible 18O changes in the source area 
(eg. ice volume, fresh-water pulses, etc.) and the amount effect. The amount effect on 
the speleothem 18O in this cave is evident in a three-year monitoring survey, whereby 
18O of calcite measured on glass slides show higher values during drier winters 
attenuating the 18O amplitude range and thus partially cancelling the temperature 
effect (Fig. S9). In fact, during the second phase of GS-1 characterized by an increase 
in humidity we expect a dominant influence of the amount effect (more negative 18O 
values) that would compensate the postulated increase in temperature (less negative 
18O values). Coherently, the correlation between 18O and 13C in SE09-6 is much 
lower during the first part of GS-1 (13C dominated by precipitation and 18O dominated 
by temperature) while they highly correlated after 12,500 yr b2k when both were 
influenced by the amount of precipitation (Fig. 2). A similar mechanism, with competing 
influences of the amount effect and temperature variation in the 18O signal, occurred 
at the onset of GS-1. That very cold and dry period is observed as a small change in 
18O corresponding to only 1.3ºC of temperature change. If the amount effect is 
considered in that case, the temperature drop at GS-1 onset would be in agreement 
with the larger temperature drop (4ºC) in sea surface annual averages estimated in 
marine records close to Iberia (19, 20).  
Coupling oceanic and terrestrial responses. A close comparison of the humidity 
reconstruction in Seso cave with other records sensitive to both oceanic and 
atmospheric re-organisation in the North Atlantic region supports a close coupling of 
these two systems at mid GS-1 transition. Sea Surface Temperatures (SST) in the 
subtropical Atlantic (21), warmed in parallel to the increase in humidity detected in 
Seso Cave throughout 13C and Mg/Ca records (Fig. 3). Warmer SST at this location 
indicates enhanced northward heat transport through the Gulf Stream but also 
increased evaporation in the source of modern moisture to the Iberian Peninsula (22) 
(Fig.1). Further North, core A107-14G (Fig. 1) detects a mid GS-1 replacement of polar 
waters by warm Gulf Stream waters (9) consistent with the increase in SST instability 
observed in northwestern Atlantic cores (5, 7). In addition, an increase in deep water 
mixing detected in marine records south of Iceland support a reactivation of the AMOC 
(23) during the mid GS-1. The AMOC evolution is well represented by the detrended 
14C record from the Cariaco Basin (24), an exceptional high resolution and well dated 
marine record which show an extraordinary parallelism with the Seso δ13C record, 
indicating that humid conditions in central Pyrenees increased while AMOC become 
more vigorous. These changes contrast with the 18O record in Greenland that show 
stable cold conditions along the GS-1 probably due to its high latitude position, well 
within the zone of polar air masses.  
Terrestrial records from North Europe also indicate the occurrence of some intra GS-1 
transition supporting our hypothesis (Fig. 3). An abrupt change is first detected in 
Meerfelder Maar (North Germany) at 12,240 ± 40 varve yrs proposed to reflect a 
climate amelioration lead by a northward shift of the westerlies (6) which would be 
consistent with the northern location of the polar front indicated by the marine records. 
Further north, the Kråkenes (South Norway) Ti record also supports two phases within 
GS-1, with an abrupt transition occurring slightly later, at 12,150 yr b2k (Fig. 3). This 
change has been related to an increase in annual to decadal-scale meltwater release 
from the nearby glacier, coincident with the incursion of warm waters into the Nordic 
Sea (5). This situation would lead to enhanced variability by the alternation of warm 
influx and meltwater fluxes, an instability also recorded in brine formation episodes in 
sediment cores south Iceland (23). In such a context, Seso Cave represents the 
southernmost location where this mid GS-1 transition is observed and, coherently, it 
occurs before influencing northern records. In fact, this time-transgressive transition 
that occurred in Seso Cave at 12,500 b2k, took about 350 years to migrate northwards 
over more than 20 degrees of latitude. This intra-stadial evolution in climate conditions 
over south Europe is further supported by recent Mediterranean marine records that 
detect warmer conditions by the second half of GS-1 (11) coherent with our hypothesis 
of a tight ocean-atmosphere coupling at this time transgressive transition.  
The enhanced humid conditions detected in our new Seso record after 12,500 yr b2k 
while temperatures were still low in Greenland, contrasts with the previous inference of 
uniformly cold dry glacial stadials over Iberia (25). These findings would indicate that 
cold dry stadial conditions during GS-1 would have lasted for only a few centuries 
(12,900 to 12,500 yr b2k) previous to a long transition to interstadial conditions. Further 
examination at high resolution of other glacial stadials will be needed to distinguish if 
these are also multi phase, or if GS-1 represents a distinctive type of stadial response 
observed during the deglaciation, and potentially transitional to the type of 
perturbations observed in the Holocene in southern Europe (26). Future work on 
atmospheric mechanism will be required to resolve why the mid GS-1 oceanic 
reorganization mostly affected regions located southward of polar air masses, with little 
variation recorded in Greenland.  
Conclusion 
The analysis of SE09-6 stalagmite from Seso Cave (southern Pyrenees) provides 
robust evidence of the existence of two different phases in GS-1 in terms of the 
hydrological response of terrestrial environments. The first phase, characterized by 
high values of 13C and Mg/Ca together with slow growth rates, is interpreted as a dry 
period with decreased infiltration into the cave resulting from lower precipitation-
evaporation balance in the region. The chronological model based on 17 U-Th dates 
indicates the transition to a more humid period took place gradually, starting at 12,500 
yr b2k, well ahead other terrestrial sequences in northern Europe, as Meerfelder Maar 
and Kråkenes lake. This time transgressive transition took about 350 years from its 
record in Seso Cave to influence northern European regions. Overall, there is a good 
correlation among NGRIP temperature record and 18O profile from Seso stalagmite 
that, supported by recent stalagmites from the same cave that overlap with the 
instrumental period, allows the extraction of a temperature signal. However, competing 
influences of the amount effect and temperature variation in the 18O signal are 
controlling the second phase of GS-1 characterized by humid conditions while there 
were still cold atmospheric temperatures. This phase demands a new model for the 
well-established, archetypical, dry-cold stadials of the last glacial period. After 
comparison with marine sequences from the Atlantic Ocean, we conclude that the 
resumption of the Atlantic overturning circulation is the main mechanism behind the 
hydrological response in Europe during this mid GS-1 transition. Therefore, a rapid 
coupling among terrestrial (atmospheric) and oceanic systems is evidenced at mid GS-
1 transition at a European scale.  
Methods 
Samples for isotopic (δ18O, δ13C) and trace-element analyses were microdrilled at 1 
mm resolution along the growth axis (Fig. S1 and Dataset S01). One part of the 
isotopic analyses were performed at the University of Barcelona (Spain) using a 
Finnigan-MAT 252 mass spectrometer, linked to a Kiel Carbonate Device III, with a 
reproducibility of 0.02‰ for δ13C and 0.06‰ for δ18O. A second part of the samples 
was analyzed at the University of Innsbruck (Austria) using a ThermoFisher DeltaplusXL 
isotope ratio mass spectrometer coupled to a ThermoFisher GasBench II. The long-
term precision of the 18O and 13C values are 0.08 and 0.06‰ (1-sigma), respectively. 
In both laboratories the results are reported relative to the VPDB standard. Five Hendy 
tests were performed and showed no correlation between δ18O and δ13C (Fig. S5). 
Trace elements were analyzed at the University of Oviedo (Spain) using a Thermo 
ICAP DUO 6300 ICP-OES. Samples were dissolved in 1.5 mL of 2% HNO3 (Tracepur) 
immediately prior to analysis and were introduced with a microflow nebulizer (0.2 
mL/min) which permitted two replicate analyses. Mg was measured at 280.3 nm, in 
axial mode. Calibration was performed offline using the intensity ratio method (27).  
A total of seventeen U/Th ages were analyzed at the University of Minnesota (USA) 
(Table S1A) and at the University of Melbourne (Australia) (Table S1B) following 
standard procedures (28). The calcite powder (150-200 mg) was dissolved in nitric 
acid, a mixed 229Th/233U/236U tracer was added, and the sample was dried. After the 
addition of an iron chloride solution, NH4OH was added drop by drop until the iron 
precipitated. The sample was then centrifuged to separate the iron from the rest of the 
solution and the overlying liquid was removed. After loading the sample into columns 
containing anion resin, HCl was added to elute Thorium and water was added to elute 
Uranium. With the Uranium and Thorium separated, each sample was dried down and 
dilute nitric acid was added for injection into the MC-ICP-MS. Analyses were conducted 
using a multicollector ICPMS (Neptune Thermo Finnigan) and final ages are given as 
years before 2000 yr AD (b2k). The depth-age model was calculated with R (version 
3.0.2) (R Development Core Team, 2010) using StalAge (29) (Fig. S2). A reduction in 
the growth rate occurred at 120 to 110 mm (distance from the base) but no evidence of 
hiatus was observed in thin sections.  
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 Figure Legends 
Figure 1 Schematic map showing North Atlantic surface circulation with location 
of selected records. Geographic situation of the studied record from Seso cave 
system (Central Pyrenees, Spain) together with European lake sequences (Meerfelder 
Maar (6) and Kråkenes (5) and several marine cores cited in the text (PL07-58PC from 
Cariaco Basin (24), KNR166-2-26JPC from Florida Straits (21), AI07-14G from 
Newfoundland (9), multiple cores from South Iceland Rise (SIR) (23), MD99-2284 from 
the Faeroe-Shetland passage (5) and JM99-1200 off northern Norway (7). Pinkish area 
marks the source of modern moisture to the Iberian Peninsula (22). EGC: East 
Greenland Current, LC: Labrador Current, NAC: North Atlantic Current.  
Figure 2 Temperature and hydrological variability reconstructions during GS-1 
from Seso stalagmite SE09-6. a, NGRIP 18O (‰ VSMOW) Greenland record (1). b, 
c, d, 18O (VPDB), 13C (VPDB) and Mg/Ca profiles from SE09-6 stalagmite. Black 
lines indicate different trends among NGRIP and Seso 18O records after 12,500 yr 
b2k. Black dashed lines mark similar response in 18O and 13C from SE09-6 in late 
GS-1. Red and violet dashed lines indicate the three phases observed in 13C and 
Mg/Ca profiles from SE09-6 stalagmite. 
Figure 3 Timing and mechanisms of GS-1 internal variability. a, NGRIP 18O (‰ 
VSMOW) Greenland record (1) (black curve) compared to b, SE09-6 18O (VPDB) 
(gray curve), c, Ti record from Kråkenes lake (Norway) pointing to the onset of a very 
unstable phase at 12,150 yr b2k when annual to decadal-scale meltwater episodes 
from a nearby glacier became more frequent (5). d, Ti record from MFM showing a 
change towards improved climate conditions at 12,240 yr b2k associated with sea-ice 
retreat and the consequent migration of the jet stream and westerly storm tracks (6). e, 
SE09-6 13C profile indicating a gradual change towards more humidity during mid GS-
1 transition. f, detrended atmospheric 14C data measured in Cariaco Basin core 
PL07-58PC pointing to partial resumption of AMOC after ca.12,200 yr b2k (24). g, 
Mg/Ca-based SST record from core KNR166-2-26JPC in Florida Straits indicating a 
warming stage after ca. 12,400 yr b2k (21). Shaded area marks the mid GS-1 
transition. Note that the marine records were plotted without any correlation with 
terrestrial sequences based on tephra layers and thus chronological inferences may be 
not very detailed (eg. mid GS-1 timing). For details on chronology of the presented 
records, refer to their original publications. 
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1. Supplementary Methods 
Seso Cave System (42º27´23.08´´N; 0º02´23.18´´E, 794 m a.s.l; Fig.1) is a small, 
shallow and rectilinear pseudo-karstic system developed in a poorly soluble marly 
stratum between Eocene limestone beds. The cave´s origin is related to piping 
processes that triggered mechanical scouring and outwashing mechanisms to 
evacuate the dispersive marly material (1). This study is focused on a 160 mm-long 
stalagmite (SE09-6) obtained in-situ from the inner part of the cave where temperature 
(11.7ºC) and humidity (100%) are constant during the year. The stalagmite is 
cylindrical in shape and 50 mm in diameter with alternating columnar and 
microcrystalline calcite textures and showing mm-thin lamination (Fig. S1).  
 
Figure S1. Slab of SE09-6 stalagmite showing variations of δ18O, δ13C and Mg/Ca along the growth axis. 
The cave CO2 values vary between ~501 to ~8570 ppm, with the lowest values during 
winter (more ventilation) and the highest in summer (less ventilation). In that part of the 
cave rock thickness is about 3 m and above there is a well-developed soil. The 
stalagmite was not actively growing when collected (no drips or calcite precipitates). It 
was sampled every 1 mm along the growth axis and analyzed for stable isotopes (18O, 
13C) and trace elements (Mg/Ca) (Supplementary Data) (Fig. S1).  
The age model is based on 17 U-Th dates ranging from 12,958 ± 52 to 11,672 ± 68 
(Table S1, Fig S2) thus covering the GS-1 with an average sampling resolution of 8.6 
years. 
Table S1. 230Th dating results (2 errors). a, Ages from the University of Minnesota. b, Ages from the 
University of Melbourne. Activity ratios were determined using the decay previously published constants 
(2, 3)  
a
U decay constants: λ238 = 1.55125x10-10 (4) and λ234 = 2.82206x10-6 (5). Th decay constant: λ230 
= 9.1705x10-6 (5). *δ234U = ([234U/238]activity-1)x1000. ** δ 234Uinitial was calculated based on 
230Th age (T), i.e., δ234Uinitial = 234Umeasured x e λ234xT. Corrected 230Th ages assume the initial 
230Th/232Th atomic ratio of 4.4=2.2x10-6. Those are values for a material at secular equilibrium, 
with the bulk earth 232Th/238U of 3.8. The errors are arbitrarily assumed to be 50%. ***B.P stands 
for “Before Present” where “Present” is defined as the year 1950 AD. 
b
 
Activity ratios were determined by MC-ICP-MS following Hellstrom (2003) (2). Ages in ka before 
present are corrected for initial 230Th using eqn. 1 of Hellstrom (2006) (6), (230Th/232Th)i of 0.9 ± 
0.6 and the decay constants of Cheng et al (2013) (5). Uncertainties were propagated using 
Monte-Carlo simulation of each of the input activity ratios and initial (234U/238U) is calculated 
using the corrected age of each sample. U content is marked n.r. where sample weights were 
not recorded. 
  
Figure S2. Age model of SE09-6 using StalAge software (7) 
2. Supplementary Discussion 
2.1. Interpretation of speleothem 13C and Mg/Ca data 
SE09-6 δ13C values show a variation of 3.37 ‰, from -5.40 ‰ to -8.77 ‰. The carbon 
isotopic variations may arise from both temperature-driven changes in the intensity of 
soil microbial activity and humidity-driven changes in the extent of degassing of drip 
waters. Thus, degassing due to pCO2 cave air and prior calcite precipitation (8) are 
important processes that lead to higher δ13C values during dry periods (9). Speleothem 
δ13C values can also reflect changes in the dominant vegetation types (i.e. the C4/C3 
plant ratio). However, changes in the ratio of C4/C3 plants are discarded here due to 
absence of C4 plants in the Pyrenees today and in pollen records covering the Upper 
Pleistocene (10). Therefore, a more important factor influencing the δ13C variability in 
the stalagmite may be plant root respiration and microbial activity of the soil and the 
epikarst zone. Carbon in speleothem calcite has two main sources: (1) soil CO2 which 
is controlled by atmospheric CO2, plant respiration, and organic matter degradation; 
and (2) bedrock carbonate (CaCO3) that is dissolved during seepage. In this way, in a 
dry period, soil activity and vegetation above the cave decrease and cause higher δ13C 
values of soil CO2 and, later on, enriched isotope values of speleothem carbonate (11, 
12). Besides, during dry periods higher degrees of degassing accompany the slower 
drip rates and percolation through epikarst conduits and result in differential 12C release 
and more positive δ13C values in the precipitated calcite. Both processes shift δ13C 
towards higher values; more positive δ13C values in calcite are thus attributed to a drier 
climate. However, temperature also influences the amount of vegetation above the 
cave (13) since, in general, a warm climate will lead to a denser vegetation cover and, 
consequently, more negative δ13C values in the stalagmite. Disentangling the effects of 
humidity and temperature requires information of the present-day cave system.   
Present-day climate in the SCS area is characterized by two dry seasons (summer and 
winter) (Figure S3a) and ~73% of annual rainfall occurs during spring and fall. Higher 
temperatures are attained in summer (max. 32 ºC) while minima of -4°C correspond to 
winter months. Due to this opposite influence of temperature and precipitation during 
the year, analyzing δ13C and Mg/Ca in farmed calcite allows to better interpret those 
proxies in SE09-6 speleothem. During a 2-years period (2011 – 2012) δ13C and Mg/Ca 
of calcite precipitated on glass slides located beneath ten active drips and collected at 
the end of every season were analysed. A significant seasonality, such as is observed 
in rainfall, is seen in the δ13C and Mg/Ca data for every glass slide, with higher δ13C 
values in summer and winter samples and lower values in spring and fall (Fig. S3b). 
Mg/Ca values follow the same pattern (Fig. S3c). Interannual variability is also 
evidenced with δ13C mean/year values being lower in wet (e.g. 2011) than in dry years 
(e.g. 2012), revealing a clear response of δ13C and Mg/Ca values to long-term 
variability in water availability. If temperature was the most important factor influencing 
the δ13C values, winter and summer data won’t be similar. Contrarily, both winter and 
summer δ13C data plotted together associated to minimum rainfall (Fig. S3) 
demonstrating a clear influence of water availability. These data are then conclusive to 
interpret δ13C and Mg/Ca values in SE09-6 as dry/wet conditions.  
               
  13C(‰)VPDB Mg/Ca 
Spring -10.83 6.13 
Summer -9.87 8.96 
Fall -10.54 5.41 
Winter -9.46 7.89 
Figure S3. a, Climate diagram of the region where two dry (summer, winter) and wet (spring, fall) seasons 
are shown. b, Table with 13C and Mg/Ca values during the four monitored seasons (data averaged of the 
10 glass slabs from years 2011 to 2013).  
Besides those results from the monitoring survey, additional data based on U 
disequilibrium series are considered here in interpreting the δ13C values (Fig. S4). 
Several studies have inferred drier conditions from higher values in the 234U/238Uo 
isotopic ratio based on the enrichment of 234U related to the processes of -recoil (14) 
and the consequent influence of rainfall, soil weathering and groundwater residence 
time (15). The fact that 234U values (Fig. S4) are stable throughout the Seso 
stalagmite record, suggests constant water-rock interaction processes and thus further 
supports the influence of precipitation-evaporation balance on δ13C proxy as previously 
validated by the monitoring survey.  
 
Figure S4. Variation of initial 234U content in SE09-6 speleothem through time 
The Mg/Ca ratio is enhanced by slower drip rates but also by higher dripwater 
saturation states. These combined effects can be disentangled by comparing Mg/Ca 
with a second factor responsive to dripwater saturation state and drip interval, such as 
a  b 
the stalagmite growth rate, using kinetics of Dreybrodt et al (16), in the I-STAL model 
(17). We derived an inverse solution of variation in drip rate (drip interval, Fig. S5) 
using 30 s as minimum expected drip interval, 1 as the enrichment in Mg at maximum 
drip interval and 500 s as drip interval at maximum rock/soil exchange as main input 
parameters in I-STAL. These values may not represent precisely the dripwater 
parameters during stalagmite deposition, which are unknown, and therefore lead to 
some uncertainty in the absolute valued of model output for drip interval.  However, the 
resulting temporal trends in drip interval are relatively insensitive to parameter selection 
within reasonable ranges (17) and therefore provide an estimate of temporal evolution 
in moisture balance. The lower driprates therefore suggest a shift to slightly drier 
conditions at the onset of GS-1 and no change until about 12,200 yr b2k.  
 
Figure S5. Mg/Ca profile and growth rate variation used to calculate drip rate using I-STAL(17).  
 
2.2. Interpretation of speleothem 18O data 
Interpretation of 18O in speleothems (18Ocalcite) 
requires the understanding of how different factors 
influence calcite values from rainfall to soil and 
epikarst variations (18). Thus, the 18O signal of 
speleothem calcite is affected by (i) the 18O value 
of the drip water feeding the stalagmite (19) and (ii) 
isotope fractionation processes occurring during 
calcite precipitation (20, 21). Replicating isotopic 
data is the best way to test the isotopic equilibrium 
in the cave (22). Unfortunately, replication of SE09-
6 isotopic data has not been yet possible due to 
the lack of other stalagmites growing during GS-1 
in the cave. We examined 16 additional samples 
from this cave but did not find a second stalagmite 
that grew during the YD. Only limited flowstone 
growth occurred during GS-1 but the samples are 
too thin to obtain a useful record. Thus, to test for 
isotope equilibrium of calcite precipitation in SE09-
6 sample the correlation between δ13C and δ18O 
values was evaluated (r2=0.017) and Hendy tests 
along five layers of the stalagmite (A, B, C, D and 
E) (Fig. S6) were made. Sampling along single 
layers was not easy due to the difficulty in following 
thin lamina. In general, a low correlation between 
the isotopic ratios and no δ18O enrichment towards 
the flanks of the stalagmite is observed (Fig. S6). 
Although a weak correlation and some enrichment 
in 18O towards the flanks is seen in layers A and D, 
this might be due to sampling inaccuracy. In 
essence, the data suggest that kinetic fractionation 
had only a minor effect and the measured calcite 
isotope values largely reflect climate (23).  
 
 
Figure S6. Hendy tests. From above to 
below, 18O (dots) and 13C (squares) 
variation along the five analysed layers. 
18O vs 13C of all samples analysed 
along the growth axis. Spearman’s rank 
correlation between 18O and 13C for 
each layer showing no significant 
correlation A: R2=0.54, pvalue=0.242. B: 
R2=-0.30, pvalue=0.517. C: R2=0.70, 
pvalue=0.233. D: R2=0.80, pvalue=0.083. E: 
R2=-0.20, pvalue=0.750. 
At the Seso cave latitude, 18O values in precipitation (18Op) are strongly linked to air 
temperature and probably less influenced by the amount of rainfall (“amount effect”) 
(24). Additionally, the altitude (eg. 0.15 to 0.5 ‰/100m of height) (25) and continentality 
(26) are further factors that modify the 18Op values. A recent monitoring study carried 
out in Molinos cave (27) located in the Iberian Range in Northeast Spain indicates that 
event 18Op values correlate significantly with air temperature (r2 =0.33; p<0.05) and 
amount of precipitation (r2=-0.19; p<0.05). Preliminary data from a nearby 
meteorological station in Seso cave area support this and indicate a preliminary 
temperature-18Op relationship of 0.47‰/ºC (larger than the 0.28‰/ºC measured in the 
Iberian Range). This influence of temperature on 18Op is only partially compensated by 
the -0.177 ‰/ºC due to calcite fractionation (20) thus allowing to contemplate using 
18Op in speleothems as temperature indicator in some areas from southern Europe. 
Fortunately, in Seso cave, the presence of actively-growing speleothems allows 
exploring the temperature - 18Op relationship in more detail. MIC, a 7.5 cm-long 
stalagmite, was analysed for stable isotopes covering the last 200 years with a 
sampling resolution of 2.6 years (Fig S7, Table S2).  
 
                 
Figure S7. a, Image of MIC stalagmite. b, Age model (years AD) of MIC stalagmite using StalAge 
software (7) covering the last 200 years. 
 
 
 
 
 
 
Table S2. MIC stalagmite ages from the University of Minnesota. 
U decay constants: λ238 = 1.55125x10-10 (4) and λ234 = 2.82206x10-6 (5).Th decay 
constant: λ230 = 9.1705x10-6 (5). 
*δ234U = ([234U/238]activity-1)x1000. ** δ 234Uinitial was calculated based on 230Th age (T), 
i.e., δ234Uinitial = 234Umeasured x e λ234xT. Corrected 230Th ages assume the initial 230Th/232Th 
atomic ratio of 4.4=2.2x10-6. Those are values for a material at secular equilibrium, with 
the bulk earth 232Th/238U of 3.8. The errors are arbitrarily assumed to be 50%. 
***B.P stands for “Before Present” where “Present” is defined as the year 1950 A.D. 
 
MIC 18O values vary between -7.71‰ and -6.37‰ with a marked increase since 1890 
AD (red curve in Fig. S8). This pattern was replicated by two additional active 
speleothems from the same cave (data not shown). Several instrumental temperature 
data of local to hemispheric coverage (28–30) and different paleotemperature 
reconstructions (31, 32) were used and compared with the 18O data of the MIC 
sample (Fig. S8). Visual inspection reveals a good match with all of them in the general 
patterns and an excellent correlation between NOAA data (Northern hemisphere land 
temperature anomaly) and MIC 18O data (r2=0.73). This correlation suggests a value 
of 0.65‰/ºC for Late Holocene stalagmites from this region (Fig. S8). This influence of 
the temperature in stalagmite δ18O values has been reported in other alpine caves, 
some of them located at similar altitude than Seso cave (33, 34). Therefore, the 
established correlation supports the use of 18Oc as a temperature proxy in SCS. Thus 
a temperature change of 1.3ºC was calculated for the measured 2.14‰ range in the 
GS-1 stalagmite. This value is just a temperature estimation during GS-1 in this region 
since other factors may have changed during that time (eg. ocean water 18O value 
due to ice-volume changes or fresh-water pulses associated with meltwater events 
(35).  
  
Figure S8. a, Comparison of 18O values of MIC stalagmite (red line, running average 10 yr) and 
instrumental temperature records taken from a compilation of stations from northeastern Spain (purple 
line) (28), NOAA and CRU Northern Hemisphere temperature data (black and green line) (29, 30) and two 
paleotemperature reconstructions (gray and orange lines) (31, 32). b, Correlation between 18O values in 
MIC stalagmite and Northern Hemisphere temperature land variation (30) (r2= 0.73). 
Although less important than the temperature effect, the amount of precipitation is 
another factor controlling the variation of 18O as shown by carbonate precipitating on 
glass slides in Seso cave. In Fig. S9 the high similarity between external air 
temperature (gray curve) and carbonate 18O values is clearly shown but, additionally, 
the rainfall amount (blue curve) also exerts an influence on the isotopic composition of 
the carbonate. Thus, dry seasons, such as the winter of 2012, were characterized by 
higher 18O values than expected if only temperature was controlling isotope variability. 
The positive isotopic change (ca. 1 ‰) reflects a reduction of rainfall by 65% for that 
winter, superimposed on the temperature effect. Such an important change in 
precipitation amount in the past would be expected to produce a similar effect on 18O 
variability partly cancelling out the temperature effect.  
a 
b 
 Figure S9. Three-year data of Seso cave monitoring showing external temperature and rainfall amount 
variation (obtained from a nearby meteorological station) compared to 18O variability measured on 
seasonally farmed calcite collected from glass slides.  
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Depth (mm from the top) Age (yr b2k) 18O
13
C Mg/Ca
7 11666 -7.37 -8.28 11.49
8 11668 -7.82 -8.43 12
9 11668 -7.74 -8.39 11.38
10 11668 -7.75 -8.53 11.17
11 11668 -7.4 -8.77 9.59
12 11669 -7.85 -8.74 7.65
13 11669 -8.33 -8.47 7.18
14 11669 -7.31 -8.71 7.68
15 11669 -8.28 -8.67 7.43
16 11671 -7.73 -8.53 6.96
17 11675 -7.58 -8.58 7.17
18 11682 -7.5 -8.15 6.14
19 11690 -7.9 -8.01 6.78
20 11698 -7.83 -7.93 6.71
21 11707 -7.86 -7.75 6.34
22 11716 -8 -7.97 6.14
23 11725 -8.4 -8.37 6.65
24 11734 -8.23 -7.78 6.64
25 11743 -8.33 -7.94 5.92
26 11752 -8.55 -7.86 5.77
27 11761 -9.21 -8.19 5.04
28 11770 -9.22 -8.32 6.06
29 11780 -8.96 -7.36 8.7
30 11790 -8.91 -7.45 8.36
31 11799 -8.58 -7.56 6.93
32 11809 -8.54 -7.26 8.7
33 11819 -8.7 -7.73 7.32
34 11828 -8.81 -7.61 8.96
35 11838 -8.74 -7.52 9.09
36 11849 -8.94 -7.58 7.66
37 11859 -8.98 -7.65 7.69
38 11869 -8.91 -7.8 7.52
39 11878 -8.47 -7.41 7.56
40 11888 -8.96 -7.56 7.23
41 11898 -9.55 -8.01 6.43
42 11908 -9.64 -8.11 5.93
43 11918 -9.55 -8.73 5.36
44 11927 -9.26 -8.56 5.17
45 11937 -9.49 -8.04 5.56
46 11947 -9.47 -7.75 6.93
47 11957 -8.16 -7.82 7.35
48 11966 -8.32 -7.76 8.09
49 11976 -8.84 -7.68 8.27
50 11985 -8.48 -7.89 7.88
51 11995 -8.89 -8.3 6.15
52 12005 -8.71 -8.03 7.53
53 12015 -9.16 -7.83 7.22
54 12025 -8.56 -7.71 7.67
55 12035 -8.77 -8.34 6.5
56 12044 -8.63 -7.97 7.57
57 12054 -8.61 -8.03 7.05
58 12065 -8.92 -7.98 7.5
59 12075 -9.11 -7.92 7.39
60 12086 -9.24 -7.41 7.23
61 12097 -9.33 -7.6 7.8
62 12108 -9.38 -7.8 7.41
63 12119 -9.48 -7.84 7.82
64 12130 -9.18 -7.35 8.85
65 12140 -8.9 -7.19 8.68
66 12151 -8.86 -7.14 8.86
67 12161 -9.13 -7.19 8.55
68 12171 -8.77 -7.18 8.53
69 12181 -8.65 -7.53 8.24
70 12190 -8.56 -7.25 8
71 12199 -9.13 -7.41 8.13
72 12208 -9.21 -7.53 8.48
73 12218 -8.83 -7.14 8.73
74 12228 -8.43 -7.17 8.63
75 12239 -8.65 -6.49 9.34
76 12249 -8.47 -6.78 9.12
77 12259 -8.34 -6.02 9.82
78 12269 -9.11 -5.94 9.43
79 12279 -8.76 -6.61 9.25
80 12289 -9.08 -6.51 8.67
81 12299 -8.85 -6.92 9.25
82 12309 -8.68 -6.89 9.41
83 12319 -8.6 -7.07 9.39
84 12328 -9.02 -6.83 9.95
85 12338 -8.75 -6.36 9.21
86 12348 -9.04 -6.72 8.61
87 12358 -9.64 -7.07 7.63
88 12368 -9 -7.19 8.32
89 12378 -8.9 -6.9 7.9
90 12388 -9.24 -6.76 8.13
91 12397 -9.07 -6.8 8.09
92 12406 -8.49 -6.47 9.53
93 12416 -9.01 -6.47 9.34
94 12425 -9.16 -6.07 9.68
95 12434 -8.93 -5.92 9.79
96 12444 -8.92 -6.48 8.01
97 12453 -8.96 -6.53 8.12
98 12462 -8.84 -6.69 8.86
99 12470 -9.11 -6.38 8.57
100 12478 -8.26 -5.98 10.45
101 12486 -8.17 -6.14 9.29
102 12491 -8.74 -6.38 9.52
103 12492 -8.82 -6.24 10.02
104 12493 -9.21 -6.89 9.14
105 12495 -9.09 -5.91 8.66
106 12496 -8.52 -5.69 10.06
107 12498 -8.61 -5.61 9.61
108 12500 -8.93 -5.42 9.6
109 12502 -9 -5.64 9.58
110 12520 -9.15 -6.28 9
111 12540 -8.7 -5.82 8.39
112 12563 -9.08 -6.03 8.37
113 12593 -9.28 -6.55 8.4
114 12629 -8.37 -5.71 9.7
115 12672 -8.78 -5.64 8.63
116 12715 -8.89 -5.39 8.65
117 12753 -9.04 -5.45 9.96
118 12782 -8.75 -5.97 9.12
119 12800 -8.63 -5.94 8.26
120 12814 -8.71 -5.4 8.63
121 12832 -8.92 -5.65 9.72
122 12851 -8.59 -6.12 10.13
123 12867 -8.8 -5.94 9.62
124 12880 -8.23 -6.7 9.31
125 12891 -8.81 -5.59 9.2
126 12898 -8.54 -6.1 10.01
127 12903 -8 -6.15 10.19
128 12908 -7.85 -6.44 9.89
129 12914 -7.83 -6.65 9.35
130 12921 -8.35 -6.33 8.33
131 12928 -8.75 -6.83 9.88
132 12935 -8.47 -7.05 9.54
133 12942 -8.12 -5.99 8.85
134 12949 -8.23 -5.86 10.5
135 12956 -7.72 -6.53 10.41
136 12962 -7.44 -6.44 9.94
137 12968 -7.3 -6.35 10.71
138 12974 -7.79 -5.96 11.62
139 12979 -7.26 -6.16 11.46
140 12984 -7.78 -5.8 10.31
141 12989 -7.76 -6.36 9.36
142 12993 -8.26 -5.52 12.38
143 12997 -7.98 -5.96 10.64
144 13000 -7.48 -6.28 10.95
145 13002 -7.88 -6.2 10.78
146 13004 -7.54 -5.92 12.05
147 13006 -7.78 -6.38 12.64
148 13008 -7.39 -6.46 9.15
149 13009 -8.18 -6.63 10.05
150 13011 -7.99 -5.98 9.95
151 13014 -7.84 -5.9 10.87
152 13018 -7.83 -5.89 10.9
153 13022 -7.5 -6.24 11.27
154 13026 -8.07 -6.58 10.87
155 13030 -8.16 -6.24 11.83
156 13034 -7.78 -6.06 11.62
157 13038 -7.36 -5.79 11.59
158 13042 -7.59 -5.86 10.63
159 13045 -8.07 -6.21 11.25
